Background: WWOX encodes a 46-kDa tumor suppressor. Results: WW1 domain of WWOX mediates its protein-protein interaction with PY motifs that are involved in molecular processes, including transcription, RNA processing, and metabolism. Conclusion: The WW1 domain of WWOX provides a versatile platform that links WWOX with individual proteins associated with physiologically important networks. Significance: This study provides a better understanding of WWOX biology in normal and disease states.
its nuclear localization and increased cell death. Our data suggest that the WW1 domain of WWOX provides a versatile platform that links WWOX with individual proteins associated with physiologically important networks.
Specific protein-protein interactions are usually mediated through binding of modular domains to specific motifs within their partners. One example is the small modular WW domains that interact with a variety of distinct peptide ligands, including motifs with core proline-rich sequences (1) (2) (3) . WW domains are typically 35-40 amino acids in length and fold into a threestranded, antiparallel ␤-sheet with two ligand-binding grooves (4, 5) . Depending on the nature of their interacting peptide ligands, WW domains are classified into four classes (reviewed in Refs. 6 and 7). Class I WW domains, which include the NEDD4 family proteins and the Yes-associated protein (YAP65), recognize PY 3 (PPXY or LPXY) motifs (8 -10) . Class II WW domains, such as the FE65 WW domain, recognize PPLP motifs, and Class III WW domains (FBP30 WW1) recognize PR motifs. Group IV WW domains, such as those from Pin1, recognize p(S/T)P motifs. These domains are found in many different structural and signaling proteins that are involved in a variety of cellular processes, including RNA transcription and processing, protein trafficking and stability, receptor signaling, and control of the cytoskeleton (reviewed in Refs. 6 and 7) .
The WW domain-containing oxidoreductase (WWOX) encodes a tumor suppressor that is commonly inactivated in human cancers (11) (12) (13) (14) . WWOX inactivation has been linked to genomic and/or epigenetic modifications (13) (14) (15) . Importantly, WWOX tumor suppressor function is believed to be mediated through its ability to interact with distinct proteins in multiple cellular pathways (16) . WWOX contains two N-terminal WW domains and a central short-chain dehydrogenase (SDR) domain. Initial assessment of WWOX WW domains revealed their physical interaction with PPXY-containing proteins (17) . The first partner reported was p73 (17) . This study was followed by a number of reports validating WWOX physical association with PPXY-containing partners (18) and demonstrating WWOX functional cross-talk with different cellular pathways, including transcription, apoptosis, and cytoskeleton (reviewed in Refs. 7 and 16) . Of note, all of the reported interacting WWOX partners investigated so far were interacting with its WW1 domain (12, 13, 16, 17, 19 -24) . Although the WW2 domain of WWOX has an atypical structure, due to replacement of tyrosine instead of tryptophan, it was suggested that it belongs to Group I (25) . Recently, a proteomic screen of the Drosophila orthologue of WWOX revealed putative interacting partners, although none of the proteins identified had PY motifs (26) . Nevertheless, a comprehensive interactive proteome of mammalian WWOX WW domains is lacking.
In order to advance our understanding of the functional capacity of WWOX as a tumor suppressor, we investigated the interactions between the WW domains of WWOX and its possible client proteins using mass spectrometry (MS), phage display, and protein interaction analyses in mammalian cells. Our data reveal that the predominant interacting module within WWOX is the WW1 domain. We found that the WW1 domain interacts with PY motifs, including PPXY and LPXY, illuminating the versatility of the WW1 domain of WWOX. Our findings further suggest that the WW1 domain of WWOX acts as a platform that links WWOX with individual proteins associated with physiologically important networks.
EXPERIMENTAL PROCEDURES
Cell Culture and Transient Transfection-HEK293 cells were grown in RPMI1640, supplemented with 10% FBS (Invitrogen), glutamine, and penicillin/streptomycin (Beit-Haemek, Israel). Itch-deficient cells were described elsewhere (27) . Transient transfections were achieved using Mirus TransLTi (Mirus Bio LLC, Madison, WI).
Constructs-The expression plasmids encoding the following inserts were described previously: mammalian GST-WWOX (pEBG-WWOX) (23); Myc-WWOX and Myc-p73 (17) ; ErbB4-HA (20) ; FLAG-AMOT (angiomotin), FLAG-AMOTL1 (angiomotin-like 1), and FLAG-AMOTL1-PPEA (28) ; and FLAG-ITCH, Myc-ITCH, Myc-ITCH-C830A, and Ub-HA (29) . The FLAG-Ub plasmid is a gift from Dr. Michal Goldberg (Hebrew University). The HA-Ub mutants were purchased from Addgene; the FLAG-DVL1 (disheveled 1) construct was a gift from Prof. Rachel Bar-Shavit (Hebrew University). Cloning of the GST fusion constructs of WWOX domains, ITCH, and NEDD4 into pEBG plasmid was done using a standard procedure. The site-directed mutagenesis procedure was performed using according to the manufacturer's instructions (Stratagene, La Jolla, CA).
GST Pull-down, Immunoprecipitation, and Immunoblot Analysis-Cells were lysed by using Nonidet P-40 lysis buffer containing 50 mmol/liter Tris (pH 7.5), 150 mmol/liter NaCl, 10% glycerol, 0.5% Nonidet P-40, and protease inhibitors. In GST pull-down, lysates were mixed with GST beads and rocked for 2 h at 4 ºC. Thereafter, the beads were washed four times with the same buffer containing 0.1% Nonidet P-40. For immunoprecipitation, lysates were precleared with mouse IgG, immunoprecipitations were carried out in the same buffer, and lysates were washed four times with the same buffer containing 0.1% Nonidet P-40. Immunoblotting was conducted under standard conditions. Antibodies used were monoclonal anti-HA (Covance, Princeton, NJ); polyclonal anti-WWOX, monoclonal anti-Myc-HRP, and polyclonal anti-lamin (Santa Cruz Biotechnology, Inc.); monoclonal anti-FLAG and anti-FLAG-HRP (Sigma); monoclonal anti-FK2 (Millipore, Temecula, CA); polyclonal anti-HSP-90 and monoclonal anti-GAPDH (Calbiochem); polyclonal anti-GST (GE Healthcare); and anti-HA-HRP (Roche Applied Science).
Nano-LC-MS/MS Analysis-Precipitations with each GST fusion were repeated at least three times in two independent experiments. The samples were analyzed by 10% SDS-PAGE, stained by Coomassie stain using the blue (R-250) reagent (ThermoFisher Scientific, Rockford, IL), and destained the next day with 10% acetic acid and 20% methanol solution.
Gel lines were cut into equal slices, and individual slices were subject to in-gel reduction, alkylation, and trypsinization based on a protocol described previously (30) . Tryptic peptides were extracted with 60% acetonitrile, 1% methanol; evaporated until dryness; resuspended in 1 l of 60% acetonitrile, 1% methanol; diluted 10-fold with 1% methanol; and analyzed by LC-MS/MS. This peptide separation was performed by using the caplillary C18 column (75-m inner diameter ϫ 100 mm; Proteoprep, New Objective) on a nano-HPLC system (Eksignet, Dublin, CA) coupled online to an LTQ-Orbitrab mass spectrometer with a nanoelectrospray ion source (ThermoFisher Scientific). To separate the peptides, the column was applied with a linear gradient with a flow rate of 230 nl/min at 25°C: from 5 to 30% in 10 min, from 30 to 70% in 55 min, from 70 to 80% in 10 min, and held at 80% for an additional 25 min (solvent A is 2% acetonitrile, 0.1% formic acid, and solvent B is 98% acetonitrile, 0.1% formic acid).
Survey MS scans were acquired with a resolution of 30,000, full-scan spectra were collected at 400 -2000 m/z, and the most intense ions were submitted for additional collision-induced dissociation fragmentation (normalized collision energy, 35; activation Q, 0.25; time, 30 ms; isolation width, 3.00).
Database Searching and Criteria for Protein Identification-Peak lists were generated by using the Bioworks version 3.3 package (ThermoFisher Scientific), and the peak lists from each LC-MS/MS run were merged into one file for the Mascot search (Matrix Science) against the NCBInr 20100120 database. Only precursor charge states ϩ2, ϩ3, and ϩ4 were considered. For database searches, Cys carbamidomethylation was set as a fixed modification, and Met oxidation and one missed cleavage were set as variable modifications. Mass tolerance for peptides identified by the MS and MS/MS analysis was set to 0.6 and 0.2 Da, respectively. A significant Mascot probability (p Յ 0.05) was used for positive peptide identification. The Mascot identity threshold score was defined as 35 for p Ͻ 0.05. The Mascot results were filtered manually to validate differences between observed and calculated masses in the protein match (up to 0.01 Da) and in the MS/MS match (up to 0.2 Da), alone with evaluation of adherence of the mass errors. An initial list of identified proteins with a minimum of two unique peptides where at least one unique peptide has a score higher than 35 was created for the GST-WW1-WFPA and the GST-WW1 pulldown experiments. Sequences from the initial protein list were searched against the cRAP (Common Repository of Adventitious Proteins) list of common laboratory contaminants (available on the global proteome machine [gpm] website). To remove sequence redundancy and nonspecific binders, sequences were clustered by using the CD-HIT server, using a sequence identity cut-off of 90%. Similar sequences were removed, and proteins identified in the GST-WW1-WFPA were excluded from the final list of the GST-WW1 binders (data not shown).
Identification of the Ubiquitinated Proteins-Sample preparation and the LC-MS/MS analysis was performed as described above. To identify ubiquitinated lysines of WWOX, we used the Proteome Discoverer program, version 1.4 (Thermo Fisher Scientific) and searched against the Uniprot/Swiss-Prot (human) and the cRAP databases. Search parameters included one missed cleavage site; Cys carbamidomethylation was set as a fixed modification, and Met oxidation and Lys ubiquitination (diglycine, 114 Da) were set as a variable modification. Mass tolerance for peptides identified by the MS/MS analysis was set to at 0.5 Da. Only peptides with a significant Xcorr score were considered.
Protein Functional Annotation and Enrichment Analysis-For functional analysis of the WWOX-interacting proteins identified by the mass spectrometry analysis, we applied the DAVID annotation tool (31, 32) by using default parameters and the GO-FAT annotation vocabulary. Functional annotation clustering was done by using DAVID version 6.7, and the GO enrichment analyses was based on the human genome database.
Phage Display-To map the specificity of the human WW1 domain of WWOX, we used phage display technology (33) , where very large libraries of random peptides can be expressed on the surface of phage articles. The phage colonies were then sequenced with Illumina deep sequencing. We used only the following: 1) sequences with mean PHRED score over 35 (for whole read) and 2) sequences that do not include cysteine (due to disulfide bond) or a premature stop codon. In this way, a total of 2733 unique peptides (from 80,605 sequences which passed two filters) were identified to bind to the WWOX WW1 domain. To generate a sequence logo and detect multiple binding specificity, MUSI was used (30) . We scanned both proteome and the WWOX-interacting proteins with the position weight matrix from the phage display experiment. We obtained the best position weight matrix score for each protein from both lists (human proteome and MS proteins) and plotted the cumulative distribution function (CDF). WWOX-interacting proteins identified by mass spectrometry have much higher posi-tion weight matrix scores compared with random proteins (p value Ͻ2.2EϪ18 using rank sum test).
Motif Analyses-We have scanned LPXY and PPXY motifs in both proteome (Ensembl version 64) and WWOX-interacting proteins from mass spectrometry (240 proteins (MS-set-1) or 144 proteins (MS-set-2)). Overlap of LPXY-and PPXY-containing proteins was assessed statistically using bootstrapping. To compare enriched motifs in MS analysis with the human proteome, we ran a 2 test.
To generate the tree, we used MAFFT, version 7 (K. Katoh and D. M. Standley) to align the sequences and then Geneious, version 5.1 (Biomatters) to build a tree (neighbor-joining method). The number beside each logo (see Fig. 2 ) indicates the number of proteins with the motif from our mass spectrometry data (of 240 proteins). The branch length is calculated from pairwise comparisons of sequences (an 8 ϫ 8 matrix is calculated); a shorter branch length indicates more sequence similarity.
Subcellular Fractionation-Nuclear and cytoplasmic extracts were prepared as follows. First, cells were scraped in PBS, and after centrifugation, the cell pellet was reconstituted in a hypotonic lysis buffer (10 mmol/liter HEPES (pH 7.9), 10 mmol/liter KCl, 0.1 mmol/liter EDTA) supplemented with 1 mmol/liter DTT and a broad-spectrum mixture of protease inhibitors (Sigma-Aldrich). The cells were allowed to swell on ice for 15 min, and then Nonidet P-40 was added, and cells were lysed by vortex. After centrifugation, the cytoplasmic fraction was collected. Afterward, nuclear extracts were obtained by incubating nuclei in a hypertonic nuclear extraction buffer (20 mmol/liter HEPES (pH 7.9), 0.42 mol/liter KCl, 1 mmol/liter EDTA) supplemented with 1 mmol/liter DTT for 15 min at 4°C. The nuclear fraction was collected after centrifugation.
In Vivo Ubiquitination Assay-HEK293 cells were cotransfected with the different indicated expression vectors as indicated in the figures. After 24 h, cells were treated or untreated with MG-132 (20 mol/liter; Sigma-Aldrich) for 4 h. Lysates were subjected to GST pull-down or immunoprecipitated as appropriate, washed four times, and immunoblotted with the indicated antibodies.
Immunofluorescence-Cells were seeded on round slide coverslips in 12-well plates. Twenty-four hours later, cells were transfected with expression plasmids encoding FLAG-ITCH, Myc-WWOX, or both together. Twenty-four hours posttransfection, cells were fixed in 3.7% PBS-buffered formaldehyde and permeabilized with 0.05% Triton X-100 at room temperature. Cells were then incubated in 10% goat serum (Invitrogen) with primary antibody (anti-FLAG and/or anti-WWOX) each for 1 h and for 1 h with secondary antibody. Alexa Fluor-647 antimouse or Alexa Fluor-488 anti-rabbit antibody (Molecular Probes, Inc.) was used to detect ITCH (red) and WWOX (green), respectively (see Fig. 7 ). Cells were examined by confocal microscopy (Olympus, Tokyo, Japan) under ϫ60 magnification. DAPI was used as a counterstain for nuclei.
Cell Death-Cells were seeded at a density of 2.5 ϫ 10 5 in 6-well plates. Twenty-four hours after transfection with the indicated expression plasmids, cells were treated with 25 M cisplatin for an additional 24 h. Floating and attached cells were collected and combined together, washed with PBS, and counted after staining with trypan blue using a TC10 cell counter (Bio-Rad). The relative numbers of live and dead cells are presented.
Statistical Analysis-Data were expressed as mean Ϯ S.E., as indicated in the figure legends. Two-tailed Student's t test was used for comparisons between two groups as applicable, where indicated, and a level of significance of p Ͻ 0.05 was considered statistically significant. In general, all experiments described throughout were repeated at least three times.
RESULTS

Generation and Characterization of Truncated Mammalian
GST-WWOX Fusions-To identify cellular proteins that interact with WWOX, we constructed mammalian GST fusion proteins of the full-length protein or the different WWOX domains (Fig. 1A ). This set included GST-WWOX, GST-WW1, GST-WW2, GST-WW1,2 and GST-SDR. To examine the expression of these fusions, they were individually transfected into HEK293 cells, and 24 h later, cells were lysed. Immunoblot analysis of these fusions revealed the proper size of each of the domains (Fig. 1. A and B ). We noted that expression of GST-WW1 was stronger than that of the other fusions, probably due to stability-and/or half-life-related reasons. To validate the functionality and specificity of these domains, we tested their ability to interact with a well known partner of WWOX, ErbB4. ErbB4, through its PPXY motifs, has been shown to specifically interact with WW1 of WWOX (20, 34) . To this end, HEK293 cells were transiently co-transfected with ErbB4-HA and each of the GST fusions. Twenty hours later, cells were lysed, and GST pull-down was performed followed by immunoblot analysis. As shown in Fig. 1C , fusions containing the WW1 domain (WWOX, WW1, and WW1,2), but not with GST-WW2 or GST-SDR, interacted with ErbB4, consistent with our previous observations (18) . These results indicate that these fusions are functionally relevant.
Next, we determined the ability of these fusions to associate with protein complexes in vivo. HEK293 cells were transfected with each of the GST fusions, and GST pull-down was performed. Precipitated complexes were run on SDS-PAGE followed by Coomassie Blue staining ( Fig. 1D ). A representative gel shows that only GST fusions containing the WW1 domain are able to precipitate proteins, whereas WW2 and SDR fusions were unable to do so ( Fig. 1D ). Intriguingly, GST-WW1,2 showed less interaction ability as compared with GST-WW1. Immunoblot analysis validated expression of all domains (Fig.  1D , bottom blot). These data further suggest that the WW1 of WWOX is the main functional interacting domain, at least under the conditions examined in our settings.
The above results prompted us to examine the nature of the WW1-interacting proteins. To this end, HEK293 cells expressing intact WW1 or WW1-WFPA, a specific mutation in the conserved tryptophan and proline within WW domains that should abolish WW domain-interacting ability, were further examined by proteomics. First, we confirmed that GST-WW1-WFPA is expressed in a similar fashion as GST-WW1. Immunoblot and subcellular fractionation analyses revealed comparable levels and compartment localization for both fusions, respectively ( Fig. 1E ). Next, we examined by Coomassie Blue stain-ing the incompetence of WW1-WFPA in interaction ability. As shown in Fig. 1F , whereas GST-WW1 was able to pull down protein complexes, WW1-WFPA mutant was not. These results further indicate that WW1 interactions are specific and could reflect the putative interacting proteins of WWOX.
Proteomic Screening Identifies Novel, Physiologically Relevant WW Domain-associated Proteins-Proteins that were precipitated by GST-WW1 and GST-WW1-WFPA ( Fig. 1F ) were then excised from the gel, digested by trypsin, extracted from the gel, and analyzed by LC-MS/MS analysis, and interacting proteins were identified (see "Experimental Procedures"). Precipitations with each GST fusion were repeated at least three times in two independent experiments (see "Experimental Procedures"). To exclude nonspecific interactions, all proteins identified in GST-WW1-WFPA were excluded from the list of GST-WW1-associated proteins. Using these criteria, a total of 240 unique proteins were identified as being precipitated by WW1 but not WW1-WFPA fusion (data not shown). The matched proteins were divided into two sets (supplemental Table S1 ). MS-Set-1 proteins comprised at least two unique peptides, but at least one passed the identity threshold score (144 proteins (labeled in black) ϩ 96 proteins (labeled in blue)). MS-Set-2 proteins comprised at least two unique peptides that passed the identity threshold score (144 peptides, black). As shown below, putative interaction with WWOX was conformed from both data sets (below). To characterize protein function classes of the WW1interacting proteins, we performed protein annotation enrichment analysis by using the DAVID comprehensive data set (DAVID version 6.7), which clusters different annotation groups mainly from GO, KEGG, and other databases (31, 32) (see "Experimental Procedures"). Functional annotation and enrichment scores and p values were calculated for the WWOX interacting partners (supplemental Table S2 ). This analysis showed that the majority of the WWOX-interacting partners are involved in processes such as transcription, RNA processing and splicing, chromatin remodeling, metabolism, and signaling pathways (supplemental Table S2 ). WW1 Domain Ligands Are Enriched for Specific WW Domain-binding Motifs-We next examined whether the proteins identified in our MS study are enriched for the different WW domain classes (supplemental Table S1 ). Because WW domains of WWOX were previously shown to preferentially bind PPXY motifs (7, 14) , we next examined whether PPXY motifs are enriched in the WW1-binding proteins in our MS experiment. Here we present data on MS-Set-1, but the same analysis was done on the more stringent data set (MS-Set-2), and we found no major differences (supplemental material and Fig. 2, A and B) . Analysis of over 92,000 reference proteins in the human proteome (Ensemble version 64) showed that only ϳ5.0% of these proteins contained the PPXY motif (Table 1 ). In contrast, ϳ20% of the proteins isolated in association with the WW1 domain of WWOX in our MS-Set-1 possess one such motif (p ϭ 5.54EϪ28), a significant enrichment of 4.2-fold (supplemental Tables S1 and S3 ). Notably, we found a strong enrichment for the LPXY motif (2.47-fold; P ϭ 1.28EϪ07). We also found enrichment, although less significant compared with (L/P)PXY, for other polyproline motifs belonging to other classes of WW domains, including Class II PPLP (2.61-fold, P ϭ 4.31EϪ05) and, to a lesser extent, Class III PR (1.28-fold; P ϭ 5.54EϪ07) and Class IV (S/T)P (1.14-fold; P ϭ 2.37EϪ05) (supplemental Tables S1 and S4 -S6) ( Fig. 2A) .
We also observed that proteins containing PPXF (3.12-fold, p ϭ 4.28EϪ15) and LPXF (1.83-fold, p ϭ 5.0EϪ04) motifs are enriched in WWOX putative interacting partners (supplemen-FIGURE 1. Generation and characterization of WWOX interacting domains. A, schematic illustration of WWOX domains and predicted molecular weight (Mwt). GST is shown as a white box. WW domains of WWOX are shown in black boxes; SDR domains of WWOX are shown as gray boxes. B, generation of full-length and truncated mammalian GST fusions of WWOX. HEK293 cells were transiently transfected with the different GST fusions. After 24 h, cells were lysed, and immunoblot analysis using anti-GST was performed. GAPDH was used for normalization. C, validation of interaction ability of GST-WW1. HEK293 cells were transiently co-transfected with ErbB4-HA and the different GST fusions. At 24 h, cells were lysed, and GST pull-down (PD) was performed. Immunoblot analysis using anti-HA (ErbB4), GST, and GAPDH revealed specific interaction between WW1-containing GST fusions. D, characterization of interaction potential of the different GST-WWOX fusions. HEK293 cells were transiently transfected with the different GST fusions. After 24 h, cells were lysed, and GST pull-down was performed. Top, Coomassie Blue staining of the precipitated proteins of the different fusions. Note that the full-length WWOX lane is most similar to WW1,2 and WW1. Bottom, immunoblot of the different GST fusions using anti-GST antibody. E, characterization of WW1 and WW1-WFPA mutant. HEK293 cells were transiently transfected with GST-WW1 or GST-WW1-WFPA mutant. After 24 h, cells were subfractionated into cytoplasmic and nuclear fractions. Immunoblot analysis, using anti-GST antibody, revealed similar levels and subcellular localization of both proteins. Lamin and tubulin were used to indicate successful nuclear and cytoplasmic subfractionation, respectively. F, characterization of interaction potential of the WW1 domain of WWOX. HEK293 cells were transiently transfected with GST-WW1 or GST-WW1-WFPA mutant. After 24 h, cells were lysed, and GST pull-down was performed. Top, Coomassie Blue analysis of the precipitated proteins of the different fusions. Note that GST-WW1-WFPA (MUT) lost the potential of precipitating protein complexes as compared with intact WW1 (W.T). The lower blots show expression levels of the GST fusions.
tal Tables S1, S7, and S8). There were 12 proteins that contain both LPXY and PPXY motifs among WWOX WW1 domaininteracting proteins (supplemental Table S3 , p value ϳ0.0001). All proteins that are PPLP-containing also contain PPXY or LPXY motifs (supplemental Table S9 ). Almost all PPXY or LPXY motifs also contained PR or (S/T)P motifs (supplemental Tables S10 and S11). Taken together, these results suggest that the binding properties of the WW1 domain of WWOX are not limited to PPXY alone but are more comprehensive to include other proline-rich motifs (i.e. LPXY).
Phage Display Profiling Reveals WWOX-WW1 Interaction with LPXY Motifs-To gain further confidence in the identified interactions, we sought to elucidate the binding specificity of WW1 using phage display. Phage display provides an accurate and unbiased in vitro method to study the specificity of modular peptide recognition domains (35, 36) . This technology uses bacteriophage to express libraries of up to 10 billion random peptides as genetic fusions to phage coat proteins (33) . To this end, phage particles were repeatedly incubated with WW1 domain of WWOX followed by washing away non-interacting phage and subsequent sequencing of the phage-encapsulated DNA. Our analysis revealed that the PY motif, LPXY variant, peptides strongly interacted with the WW1 domain of WWOX (Fig. 2C ). Furthermore, we found that WWOX-interacting proteins match the phage-derived profile (when represented as a position weight matrix) much better than random proteins (Fig. 2D , p value 7.56E-12 using rank sum test). Taken together, our MS and phage display data suggest that an extended consensus sequence of (L/P)PXY is recognized by the WWOX WW1 domain.
Validation of WWOX WW1-interacting PPXY-containing Partners-Several of the PPXY-containing proteins identified in our MS study have previously been shown to co-immuno-FIGURE 2. A and B, tree motif analysis for putative interacting partners of WWOX obtained from the MS study. The tree was built based on the alignment of eight different motifs of interest. We have used MAFFT to align the sequences and then Geneious to build the tree (neighbor-joining method). The number beside each logo indicates the number of proteins with the motif from our mass spectrometry data (of 240 proteins; MS-SET-1 (A); or of the 144 proteins; MS-SET-2 (B)). C, sequence logo for WW1 domain from phage display. High affinity peptides were identified by phage display, and subsequent sequencing of the phage colonies was performed. These sequences were then filtered, aligned, and clustered using the MUSI software to obtain a sequence logo. D, obtained WW1 binding partners are enriched in hits to the phage-derived specificity profile. Distributions of similarity scores to the phage-derived profile are shown in the observed WW1 binders as compared with the whole proteome. The observed binders are highly enriched in sequences that match well to the phage-derived logo when compared with the background. The p value as from a rank sum test is indicated.
precipitate with WWOX. For example, our MS analysis revealed that p73 (GI number 2370177) is among the hits identified. p73 was one of the first identified partners of WWOX (17) . In fact, it has been shown that WWOX, via its WW1, associates with the PPXY motif of p73 and enhances its proapoptotic function in SaOS2 cells (17) . Perhaps due to low protein abundance of p73, we succeeded in identifying only one unique peptide matching this protein (supplemental Table S1 ). Another known partner of WWOX that we identified in our MS assay was WBP-2 (GI number 4205086, Mascot score 145, matching 10 unique peptides). Recently, it has been shown that the WW1 domain of WWOX physically interacts with WBP1 and WBP2 (37) . Our finding of those known partners provided proof-of-concept evidence that our MS experiment successfully identified putative partners of the WW1 domain of WWOX. Nevertheless, the majority of the proteins we identified using MS have not been shown previously to interact with WWOX through its WW1 domain. Therefore, we assessed whether selected proteins identified in our MS analysis associate with full-length WWOX.
DVL2 has recently been reported to bind with WWOX through its SDR domain (38) . However, our MS analysis revealed that proteins DVL1 and DVL2 (GI numbers 4758216 and 1706528, Mascot scores 159 and 47, matching 15 and 4 unique peptides, respectively) are candidate interacting partners of WWOX through its WW1 domain. Our validation analysis indeed confirmed WW1, but not mutant WW1-WFPA, interaction with DVL1 ( Fig. 3A) . Furthermore, we examined whether full-length WWOX associates with DVL1. As shown in Fig. 3B , WWOX is able to precipitate DVL1 when both are co-expressed in HEK293 cells. By contrast, point mutations in the WW1 domain of WWOX and, to a lesser extent, in the PPXY motif in DVL1 attenuated this interaction, thus suggesting that this association is mediated through WW1-PPXY interaction (Fig. 3B ). Nevertheless, we cannot exclude the possibility that other motifs could be responsible for this interaction or that the interaction is indirect. To examine whether DVL1 binds the SDR domain of WWOX, we repeated the experiment in the presence of GST-SDR. As shown in Fig. 3C , GST-SDR interacted very weakly with DVL1 as compared with GST-WWOX and GST-WWOX-WFPA, suggesting that WW1 is the main interacting module with DVL1.
Another interesting and novel candidate that was revealed from our MS analysis is angiomotin (AMOT) (GI number 63102901, Mascot score 52, matching 2 unique peptides) and angiomotin-like 1 (AMOTL1) (GI number 22027646, Mascot score 99, matching 11 unique peptides) (39, 40) . Both AMOT and AMOTL1 contain two PPXY motifs and one LPXY motif and have been shown to associate with the WW domains of YAP, the most downstream effector of the Hippo pathway (28, (41) (42) (43) . To test whether AMOT associates with WWOX, HEK293 cells were transfected with full-length GST-WWOX or GST-WWOX-WFPA. After 24 h, cells were lysed, and GSTpull-down (PD) was performed. Immunoblot analysis revealed specific interaction between WWOX and endogenous AMOT (Fig. 3D ). This interaction was significantly diminished upon expression of WWOX-WFPA. Point mutation in both PPXY motifs of AMOT-L1 significantly diminished physical interaction with WWOX ( Fig. 3E ).
To validate that these proteins interact under physiological conditions, we examined endogenous protein interaction. Lysates of HEK293 cells were immunoprecipitated using polyclonal or monoclonal anti-WWOX, and complexes were immunoblotted using anti-angiomotin, anti-DVL1, or anti-WWOX antibody. As seen in Fig. 3F , endogenous specific interaction can be detected between WWOX and AMOT (long isoform (p130), which contains PY motifs), DVL1, and ITCH (see below). Of note, the rabbit antibody against WWOX was more efficient than the mouse one in immunoprecipitating the endogenous complexes, probably due to the polyclonality of the antibody. Taken together, these findings indicate that our MS analysis revealed that WWOX, via its WW1 domain, is able to associate with multiple PPXY-containing proteins involved in various cellular networks.
WWOX, via Its WW1 Domain, Physically Associates with ITCH, an LPXY-containing Partner-We next set to validate WWOX interaction with the new PY variant, LPXY, which we discovered in this study to associate with the WW1 domain. Among those is ITCH (also known as AIP4) (GI number 27477109, Mascot score 66, matching 7 unique peptides). ITCH, which belongs to the NEDD4 family proteins, is a ubiquitin E3 ligase that contains two LPXY motifs as well as four WW domains (27, 29, 44 -48) . To validate the WW1 domain of WWOX interaction with ITCH, HEK293 cells were transiently transfected with GST-WW1 or GST-WW1-WFPA and MYC-ITCH. GST pull-down indeed confirmed physical interaction between the WW1 domain, but not WW1-WFPA, and ITCH (Fig. 4A ). We next validated that full-length WWOX can immunoprecipitate ITCH in HEK293 cells and found that WWOX can indeed co-immunoprecipitate ϳ35% of the expressed ITCH (Fig. 4B) . For further validation, we examined whether NEDD4, another related E3 ligase, can interact with WWOX. As shown in Fig. 4C and unlike GST-ITCH, GST-NEDD4 was unable to bind WWOX. Finally, we examined endogenous protein interactions and observed specific complexes between endogenous WWOX and ITCH (Figs. 3F and 4D).
To examine whether ITCH binds WWOX via its LPXY motifs, we generated constructs harboring point mutations in the terminal tyrosine of the two LPXY motifs (Y623A and Y839A). FLAG-ITCH-Y623A, FLAG-ITCH-Y839A, and double mutant (ITCH-Y623A,Y839A) vectors were each expressed in HEK293 cells. As seen in Fig. 4E , expression levels of FLAG-ITCH mutants were markedly affected, especially ITCH-Y839A and DM, suggesting that these mutations affect half-life and/or stability of ITCH. In fact, the Tyr-839 mutant lies near the critical Cys residue in the ITCH HECT domain that is crucial for ITCH catalytic function, which might affect ITCH conformation and thus its autoubiquitination (49) . Importantly, the ability of GST-WWOX to precipitate FLAG-ITCH-Y623A and FLAG-ITCH-Y839A was significantly diminished when compared with FLAG-ITCH (Fig. 4F) . These results indicate that ITCH, via its LPXY motifs, associates with WWOX.
WWOX Ubiquitination Mediated by ITCH-To analyze the functional significance of the interaction between WWOX and ITCH, the role of ITCH in ubiquitination of WWOX was analyzed. Extracts of HEK293 cells transfected with plasmids expressing HA-Ub, GST-WWOX, and FLAG-ITCH or the catalytically inactive FLAG-ITCH-C830A mutant were subjected to GST pull-down followed by immunoblotting. Expression of ITCH increased polyubiquitination of WWOX, unlike the inactive C830A mutant of ITCH, which was still capable of binding WWOX (Fig. 5A ). To determine whether ITCH can polyubiquitinate WWOX without overexpression of exogenous ubiquitin, we co-expressed WWOX and ITCH and used a specific antibody (anti-FK2) to detect endogenous ubiquitin. As shown in Fig. 5B , expression of ITCH led to enhancement of polyubiquitination of GST-WWOX, further confirming WWOX as a substrate of ITCH catalytic function.
Next, we examined whether mutation of the LPXY motifs of ITCH affects WWOX ubiquitination. As seen in Fig. 5C , the ITCH-Y623A mutant significantly reduced the potential of ITCH to ubiquitinate WWOX, the same as for ITCH-Y839A, although the expression level of this mutant was very low as compared with wild type, and thus it is hard to make conclusions about the effect of this mutant. Nevertheless, these results may indicate that specific interaction between ITCH, through FIGURE 3. Validation of putative PPXY-containing partners of WWOX identified by MS. A, HEK293 cells were transiently cotransfected with FLAG-DVL1 and GST-WW1 or GST-WW1-WFPA. After 24 h, cells were lysed, and GST pull-down was performed. Precipitates and lysates (input) were immunoblotted with the indicated antibodies. B, HEK293 cells were transiently cotransfected with FLAG-DVL1 or FLAG-DVL1Y553A and GST-WWOX or GST-WWOX-WFPA. After 24 h, cells were lysed, and GST pull-down was performed. Precipitates and lysates (input) were immunoblotted with the indicated antibodies. Numbers below the DVL1 blots represent quantification of bands relative to the GST blot. C, HEK293 cells were transiently cotransfected with FLAG-DVL1 and GST-WWOX or GST-WWOX-WFPA or GST-SDR. Cells were treated as in B. D, HEK293 cells were transiently transfected with FLAG-AMOTL1 and GST-WWOX or GST-WWOX-WFPA. After 24 h, cells were lysed, and GST pull-down was performed. Precipitates and lysates (input) were immunoblotted with the indicated antibodies. Densitometry shows band quantification. E, HEK293 cells were transiently transfected with GST-WWOX and FLAG-AMOTL1 or FLAG-AMOTL1-PPEA. After 24 h, cells were lysed, and GST pull-down was performed. Precipitates and lysates (input) were immunoblotted with the indicated antibodies. Densitometry shows band quantification. F, endogenous interaction. HEK293 cells were lysed and immunoprecipitated using rabbit (r) or mouse (m) anti-WWOX antibody. Precipitates were blotted using anti-WWOX, anti-angiomotin, anti-ITCH, or anti-DVL antibodies. Anti-IgG (r or m) was used as a control.
its LPXY, and WWOX, mediated through its WW1 domain, is responsible for WWOX ubiquitination.
To determine the potential lysine that is ubiquitinated in the WWOX sequence, we expressed GST-WWOX in HEK293 cells, performed GST pull-down, subjected it to SDS-PAGE, and stained with Coomassie Brilliant Blue (Fig. 5D ). The WWOX band and those potentially ubiquitinated bands above it were cut and analyzed by MS. MS analysis revealed that those modified bands (Fig. 5D, 37, 38, and 39) are indeed WWOXubiquitin conjugates (data not shown). Next, we examined the potential lysine(s) within the WWOX sequence that could be potentially ubiquitinated by ITCH. To do this, we repeated the above experiment and utilized LC-MS/MS technology to identify the post-translation modification on WWOX following expression of ITCH. MS analysis revealed two post-translation modifications associated with ubiquitination (diglycine modification of lysine, 114 Da) and identified two potential lysine residues that are ubiquitinated by ITCH, Lys-100 and Lys-274 (peptides LAFTVDDNPTKPTTR and FTDINDSLGKLDFSR, respectively) ( Fig. 5, E and F) .
To further confirm that Lys-100 and Lys-274 are ubiquitinated by ITCH, we performed site-directed mutagenesis to replace each lysine with arginine and then examined the effect of WWOX ubiquitination mediated by ITCH. We found that whereas WWOX was ubiquitinated by ITCH, the WWOX-K274R mutant was not as compared with the WWOX-WFPA construct (Fig. 5G ). Of note, ITCH could still ubiquitinate the WWOX-K100R mutant, although to a lesser extent. Alto-gether, these data suggest that ITCH predominantly mediates polyubiquitination of WWOX at Lys-274.
ITCH Mediates Lys-63-linked Ubiquitination of WWOX-To determine whether ITCH-mediated ubiquitination of WWOX is Lys-48 or Lys-63-linked polyubiquitin, we used specific antibodies that could differentiate between the two modifications (50) . We found that ITCH-mediated WWOX ubiquitination is predominantly Lys-63-linked ( Fig. 6A) . To confirm the validity of these antibodies, we overexpressed HIF1␣, a well known protein that undergoes proteasomal degradation that is Lys-48linked (51) . As shown in Fig. 6B, HIF1␣ ubiquitination was detected using antibodies that recognize Lys-48-linked polyubiquitination but not the antibody that recognizes Lys-63linked chains. To further confirm that ITCH mediates Lys-63linked ubiquitination of WWOX, we used HA-Ub constructs that are either Lys-63 only or Lys-48 only (all other lysines are mutated to arginines). Using these constructs, we again demonstrated that ITCH mediates Lys-63-linked polyubiquitination of WWOX (Fig. 6C) .
Because Lys-48 linkages are mostly associated with commitment for proteasomal degradation, whereas Lys-63-linked polyubiquitination plays established roles in DNA damage repair, protein kinase activation, and trafficking (52), we set out to determine the significance of ITCH-mediated WWOX ubiquitination. To determine whether ITCH-mediated ubiquitination of WWOX leads to WWOX degradation, we analyzed the half-life of WWOX in the presence or absence of ITCH using the protein synthesis inhibitor cycloheximide (CHX). Expres- . Physical association between ITCH and WWOX. A, HEK293 cells were transiently cotransfected with MYC-ITCH and GST-WW1 or GST-WW1-WFPA. After 24 h, cells were lysed, and GST pull-down was performed. Precipitates and lysates (input) were immunoblotted with the indicated antibodies. B, HEK293 cells were transiently transfected with MYC-WWOX (M) or MYC-WWOX and FLAG-ITCH (MϩF). After 24 h, cells were lysed, and immunoprecipitation (IP) using anti-MYC (M), anti-FLAG (F), or anti-IgG (G) was performed. Precipitates and lysates (input) were immunoblotted with antibodies against FLAG (ITCH) or MYC (WWOX). C, HEK293 cells were co-transfected with MYC-WWOX and GST-ITCH or GST-NEDD4. Cells were treated as in A. Densitometry shows band quantification. D, endogenous interaction. Lysates of HEK293 cells were immunoprecipitated with anti-WWOX or anti-IgG, and complexes were immunoblotted with anti-WWOX and anti-ITCH. E, HEK293 cells were transiently cotransfected with the indicated expression vector (top). At 24 h, cell lysates were probed with anti-FLAG (ITCH). GAPDH was used for normalization. DM, double mutant (Y623A,Y839A). Densitometry shows band quantification. F, HEK293 cells were transiently cotransfected with GST-WWOX and the indicated ITCH expression vector (top). At 24 h, cells were lysed, and GST pull-down was performed. Precipitates and lysates (input) were immunoblotted with the indicated antibodies. Densitometry shows band quantification. sion of ITCH in the presence of CHX extended the half-life of WWOX as compared with CHX alone (Fig. 6D) . To further validate the significance of WWOX as a target of ITCH, we examined WWOX levels in Itch-knock-out (Itch Ϫ/Ϫ ) mouse embryonic fibroblasts (27) . We found that WWOX levels were decreased in Itch Ϫ/Ϫ mouse embryonic fibroblasts (Fig. 6E) . Moreover, WWOX half-life is shorter in the absence of ITCH (Fig. 6F) . These results suggest that ITCH-mediated ubiquitination of WWOX is associated with WWOX stabilization.
Functional Relevance of ITCH-WWOX Association-We next determined the functional relevance of WWOX-ITCH association. First, we examined the effect of WWOX-ITCH interaction on their subcellular localization. To address this, we studied the localization of both proteins with the aid of confocal microscopy. ITCH alone or with GFP-WWOX was transiently expressed in HeLa cells. Localization of the FLAG-tagged ITCH and GFP-WWOX was then determined by immunofluorescent staining, as described under "Experimental Procedures." As shown in Fig. 7A , ITCH alone or WWOX alone localizes in the cytoplasm. Coexpression of WWOX and ITCH resulted in enhanced expression of WWOX and colocalization of WWOX and ITCH in the nucleus (Fig. 7B, top) . By contrast, coexpression of ITCHC830A and WWOX and, to a lesser extent, ITCH and WWOX-WFPA did result in nuclear WWOX localization (Fig. 7B, middle and bottom, respectively) . These results indicate that expression of ITCH enhances WWOX ubiquitination and translocation into the nucleus, although we cannot exclude the opposite scenario where WWOX also affects ITCH expression and localization.
Second, we investigated the effect of WWOX expression on ITCH-mediated ubiquitination of other target proteins. Previous characterization of ITCH and WWOX partners revealed their association with p73. Whereas ITCH ubiquitinates and degrades p73 (27) , WWOX has been shown to enhance p73 proapoptotic function in SaOS2 cells (17) . These data prompted us to determine whether coexpression of WWOX and ITCH together with p73 affects its ubiquitination. To this end, HEK293 cells were transiently transfected with MYC-p73␣ or with HA-Ub together with FLAG-ITCH and/or WWOX. Prior to cell lysis, cells were treated with MG132 for 4 h. Immunoprecipitation using anti-Myc antibody followed by immunoblotting with anti-HA-HRP-conjugated antibody revealed that ITCH enhances p73 polyubiquitination (Fig. 7C) . By contrast, coexpression of WWOX significantly reduces ITCH-mediated polyubiquitination of p73. This finding might suggest that WWOX competes with ITCH for p73 interaction and ubiquitination, but it might also indicate that WWOX competes with p73 for interaction with ITCH.
Finally, we set out to determine the functional outcome of WWOX-ITCH coexpression on p73-mediated cell death. Expression of p73 enhances cisplatin-mediated cell death, whereas ITCH reduces this effect (27) . Therefore, we aimed to examine whether ITCH-mediated WWOX ubiquitination enhances p73-mediated cisplatin sensitivity. HEK293 cells were transfected with p73, WWOX, or ITCH alone or in combination as indicated. Twenty-four hours later, cells were treated with cisplatin for an additional 24 h, and the relative number of live and dead cells was determined. As shown in Fig. 7D , we found that whereas p73 enhances cisplatin mediated-cell death, expression of ITCH reduces the p73 effect. Importantly, expression of WWOX rescued this later effect of ITCH (Fig.  7D ). Altogether, these findings might indicate that WWOX-ITCH interaction renders cells more sensitive to p73 proapoptotic function.
DISCUSSION
To explore the range of cellular processes and ligand-binding preferences of WWOX, we have employed an MS-based screen to identify proteins from HEK293 cells that associate in vivo with individual mammalian GST-WWOX domains. Using this approach, we identified the WW1 domain of WWOX to be the predominant functional interacting domain. Two hundred forty proteins [MS-Set-1] or 144 proteins [MS-Set-2], when using more stringent conditions, were identified. Previous characterization of WWOX partners revealed interacting proteins containing proline-rich sequences typical of peptide ligands for class-I WW domains, mainly PPXY (7, 16) . Our current data confirm that many proteins from the MS list are enriched for PPXY motifs and further exposed specific interaction with LPXY PY variant-containing proteins, such as ITCH. The fact that the LPXY motif was identified in our phage display approach further confirms WWOX-specific interaction with PY motifs. Nevertheless, the majority of the pulled down proteins were non-PY-containing motifs. Additionally, PPXF and LPXF motifs (9, 53) were found enriched in our MS study. These findings might suggest that the WW1 domain of WWOX binds non-canonical proline-rich motifs or that these interactions are not direct, although these findings shall be fur- ther validated in future studies. Nevertheless, our findings are consistent with a recent report highlighting the plasticity of the first WW domain of YAP in being able to recognize either the canonical PY motif or a phosphorylated serine-proline (pSP) motif, which comprise Class IV of WW domains (54, 55) . It is also worth noting that several reports have demonstrated WWOX association with non-PPXY members through its SDR domain, such as hyaluronidase (56) , Jnk1 (57) , and Tau (58, 59) .
Our findings also reveal that the main interacting domain within WWOX is WW1. Interestingly, our data demonstrate that WW2 and SDR domains of WWOX exhibit much less interacting ability, if any. We are aware of the different expression levels of these domains as compared with the GST-WW1 domain. Attempts to enhance the expression level of GST-WW2 and GST-SDR fusions failed (data not shown), suggesting stability-and/or half-life-related behavior. Intriguingly, complexes pulled down via GST-WW1,2 were much less than those by GST-WW1 alone, suggesting that WW2 might have an inhibitory effect on the interaction ability of WWOX. In agreement with these observations, McDonald et al. (37) FIGURE 6. ITCH mediates Lys-63-linked polyubiquitination of WWOX. A, HEK293 cells were transiently cotransfected with HA-Ub, MYC-ITCH, and GST-WWOX or GST-WWOX-WFPA. At 24 h, cells were lysed, and GST pull-down was performed. Lysates and precipitates were immunoblotted using the indicated antibodies. Bottom, immunoblotting with anti-HA (left), anti-Ub-Lys-48 (middle), and anti-Ub-Lys-63 (right). B, HEK293T cells were transfected with HA-HIF1␣ alone or together with FLAG-Ub. At 24 h post-transfection, cells were treated with 20 M MG-132 for 4 h. Cells were then lysed, and immunoprecipitation was performed overnight. Lysates and precipitates were detected using anti-FLAG (left), anti-Ub-Lys-48 (middle), and anti-Ub-Lys-63 (right). C, HEK293T cells were transfected with GST-WWOX, FLAG-ITCH, and HA-Ub constructs that are either Lys-63 only or Lys-48 only (all other lysines are mutated to arginines). At 24 h post-transfection, cells were lysed, and GST pull-down was performed overnight. Lysates and pulled down complexes were detected using the indicated antibodies. D and E, ITCH expression is associated with WWOX stabilization. D, HEK293 cells were transiently cotransfected with MYC-WWOX and FLAG-ITCH as indicated at the top. After 24 h, cells were incubated with 20 mg/ml CHX for the indicated times, lysed, and probed with anti-Myc and FLAG antibodies. HSP90 was used for normalization. Quantification of three experiments is shown. p value is 10 Ϫ5 . E, wild-type or Itch-deficient mouse embryonic fibroblasts (MEF) were lysed and immunoblotted with the indicated antibodies. F, wild-type or Itch-deficient mouse embryonic fibroblasts were incubated with 20 mg/ml CHX for the indicated times, lysed, and probed with anti-ITCH and WWOX antibodies. GAPDH was used for normalization. In E and F, densitometry analysis (ratio of WWOX/GAPDH (y axis)) indicates shorter half-life of WWOX in the absence of ITCH. Quantification of three experiments is shown. Data are expressed as mean Ϯ S.E. (error bars), p Ͻ 0.001. recently demonstrated that whereas the WW1 domain of WWOX binds to PPXY motifs within WBP1 and WBP2 in a physiologically relevant manner, the WW2 domain exhibits no affinity toward any of these PPXY motifs. This impaired ability was suggested to be due to the presence of Glu-66/Tyr-85 residues within the WW2 domain binding pocket as compared with Arg-25/Trp-44 within the WW1 domain. Introduction of an E66R/Y85W double substitution within the WW2 domain of WWOX results in gain of function and restores binding to WBP1 and WBP2 (37) . Furthermore, the Y85W substitution within the WW2 domain restores its binding to PPXY motifs of ErbB4 in a manner very similar to the binding of the WW1 domain of WWOX. Altogether, these data indicate that WW1 domain is the predominant interacting module of WWOX and that the WW2 atypical nature explains its failure to mediate protein-protein interaction (60) . Future analysis shall further decipher the significance of WW2 domain of WWOX for its interacting ability.
Although some of the interacting proteins in our analysis have been described as binding partners for specific WW domain proteins, most of these putative binding partners have not been previously identified. We therefore further examined the interaction of the WW1 domain of WWOX with LPXYcontaining ITCH as a novel functional protein-protein interaction. We found that WWOX directly binds to the ubiquitin E3 ligase ITCH in a fashion that requires the functional WW1 domain of WWOX and the PY motif in ITCH. As a functional outcome, ITCH ubiquitinates WWOX independent of degradation. In fact, we observed that coexpression of WWOX and ITCH stabilizes WWOX levels and enhances p73-mediated cell death. We also show that ITCH stimulates Lys-63-linked ubiquitination of WWOX, and this is associated with subtle nuclear localization of WWOX. Because Lys-63-linked polyubiquitination plays established roles in DNA damage response, protein kinase activation, and trafficking (52), we assume that WWOX translocation into the nucleus might be associated with novel functions that remain to be identified. Nevertheless, WWOX translocation into the nucleus was previously suggested, such as in the case of RUNX2 (21) and p53 (61) , and could facilitate specific interactions related to cell cycle regulation and transcription. Our MS analysis for the specific lysine that is ubiquitinated by ITCH revealed Lys-100 and Lys-274 as candidate targets. Indeed, we confirmed that Lys-274 and, to a much lesser extent, Lys-100 are direct targets of ITCH catalytic function. Intriguingly, Mahajan et al. (62) observed that full-length WWOX but not a truncated form of WWOX that lacks the C terminus, WWOX⌬5-8, is polyubiquitinated and degraded. Intriguingly, exons 5-8 contain the SDR domain, which harbors Lys-274 that is Lys-63-linked polyubiquitinated by ITCH. Whether Lys-274 is the same lysine in the WWOX C terminus that also targets WWOX for degradation is not known and would be of great interest to determine.
ITCH, which contains four WW domains, has many substrates, and its function has been shown to require intact WW domains. ITCH promotes the ubiquitination and degradation of several transcription factors, such as c-Jun and Jun-B (63), Notch (64), p73 (27) , p63 (29), ErbB4 (46, 48), Gli (47), and proteins involved in cell death regulation, such as c-FLIP (44, 45) . Specific ITCH interactions with its partners typically involve its WW domains and PY motifs within its substrates.
Recently, we showed that WWOX binds the terminal PY motif of the p73 transcription factor and demonstrated that this functional interaction promotes apoptosis (17) . Interestingly, ITCH, via its WW domains, also associates with the same PY motif of p73, and this interaction causes the enhanced ubiquitination and degradation of p73 (27) . It has been shown previously that WW domain proteins can compete with each other to determine the functional outcome of their interacting partners (19, 20, 65, 66) . In a recent report, we demonstrated that WWOX competes with ITCH for binding ⌬Np63␣ and that WWOX attenuates ITCH-mediated degradation of ⌬Np63␣ (19) . In fact, we also observed a physical interaction between WWOX and ITCH, perhaps releasing ⌬Np63␣ from ITCH and mediating its stabilization. We thus assumed that WWOX and ITCH might also compete for interaction with p73 and protect it from degradation. Indeed, when coexpressed with ITCH and p73, WWOX was able to reduce ITCH-mediated p73 ubiquitination. A proposed model is that both WW domain-containing proteins, ITCH and WWOX, in the cytoplasm are competing for interaction with PPXY-containing target proteins. WWOX interaction with ITCH releases p73 where ITCH can ubiquitinate WWOX and affects its localization and function, leading to enhanced cell death. This model also suggest that WWOX can tune the function of ITCH in different cell contexts (i.e. when WWOX is absent as in the case of many cancer cells, ITCH has more access to its partners, for example to p73, rendering cancer cells more chemoresistant) (67) .
The spectrum of proteins identified in our MS analysis suggests that WWOX binds an extensive network of protein-protein interaction in vivo. Our findings revealed that WWOX signaling could affect critical pathways in cancer, including the Hippo tumor suppressor pathway and Wnt-␤-catenin. The MS analysis further revealed a number of multiprotein complexes with central functions involved in transcription, splicing, adhesion, ubiquitination, and chromatin remodeling. It is likely that WW1 domain of WWOX serves to bridge or regulate such cellular processes, thus potentially functioning to establish networks of interactions. It remains to be seen how different physiological contexts and stimuli affect WWOX-interacting ability. In conclusion, our experiments show that the WW1 domain of WWOX associates with multiprotein cellular complexes, many of which have not been described previously.
